The relationship between exposure to ambient particulate matter (PM) and hypertension in humans is controversial. The aim of the present meta-analysis was to quantify the predictability of ambient PM on the risk of incident hypertension in humans. The selection criteria included the studies that could provide quantitative estimates of the change in hypertension prevalence linked with exposure to either indicator of PM. The health outcome of "hypertension" was defined as systolic blood pressure (SBP) of 140 mmHg and greater and/or diastolic blood pressure (DBP) of 90 mmHg or greater and/ or taking antihypertensive drugs or diagnosis by a physician or self-reported hypertension. A total of 647 studies were initially identified through online database searches, and finally five studies met the inclusion criteria. The combined results of reported relative risk from the five included studies revealed that ambient PM was positively associated with hypertension (OR = 1.03; 95% CI: 0.99-1.06), but this was not statistically significant. When stratified by the PM size, the results showed that the odds ratio for hypertension increased by 1.03 (95% CI: 0.93-1.14) per 10 μg/m 3 increase in PM 2.5 , 1.04 (95% CI: 0.98-1.10) in PM 10 , and 0.99 (95% CI: 0.92-1.07) in PM 2.5-10 . In conclusion, to get more information about the associations between PM and hypertension, many studies need to be undertaken further to clarify these relationships.
Introduction
Hypertension is the major risk factor for cardiovascular disease and other vascular diseases [1, 2] and renal disease [3, 4] . It has been considered as the most important cause of disability, and high blood pressure (BP; SBP > 110-115 mmHg) increased from the fourth-ranked risk factor for burden of disease in 1990 to the leading risk factor in 2010 [5] . Previous studies have concluded that high BP and hypertension are associated with genetic factor, diet and lifestyle [6] , and environmental factors which include ambient air pollution as a potential risk factor as well [7] .
Ambient air pollution is a complex mixture containing particulate matter (PM). In academia, PM can be divided into four fractions on the basis of aerodynamic diameter of PM, including thoracic particles (<10μm, PM 10 ), coarse particles (2.5-10μm, PM 2.5-10 ), fine particles (<2.5μm, PM 2.5 ), and ultrafine particles (<0.1μm) [8] . There are mounting evidences, especially relating PM 10 and PM 2.5 , which suggest that those kinds of particles of different aerodynamic diameter have been linked with elevated BP [9] [10] [11] . And several studies have reported ambient PM and risk of hypertension [12] [13] [14] [15] [16] [17] [18] [19] , but until now, there are no comprehensive evidences about outdoor PM exposure and risk of hypertension.
The aim of this study was to provide synthesized evidence of the hypertension risk associated with exposure to PM in ambient air, specifically PM 2.5 and PM 10 and DPM, through conducted meta-analysis.
Methods

Literature search
We developed search terms to identify associated papers by using the medical headings (MeSH) in PubMed. Meanwhile, studies were also identified through Web of Science (WOS) and Scopus using relevant search terms, which include terms related to the exposure (air pollution, PM, inhalable particle, fine particle, PM 2.5 , PM 10 ) and the outcome (hypertension/ high BP). The reference lists of the papers were searched for possible relevant articles. We conducted literature search at PubMed, Web of Science (WOS), and Scopus on 6 November 2015, 1 January 2016, and 11 January 2016, respectively. The limitation of language is English. Through this process, a total of 662 potentially relevant papers were searched.
Study selection
Studies were included in the current meta-analysis to know if they provided quantitative estimates of residential exposure to PM 2.5 and/or PM 10 and other PM. Further, studies were required to provide quantitative estimates of the change in hypertension prevalence linked with exposure to either indicator of PM; this could be reported as the change in risk per microgram per cubic meter or per quantile of exposure. Studies that reported results for the association of hypertension with other air pollutants or exposure to traffic but did not provide quantitative estimates for PM were not included in the meta-analysis. The health outcome of "Hypertension" was defined as systolic blood pressure (SBP) of 140 mmHg and greater and/or diastolic blood pressure (DBP) of 90 mmHg or greater and/or taking anti-hypertensive drugs or diagnosis by a physician or self-reported hypertension.
Though multiple publications included overlapping study populations, we included the publication that considered the largest number of cases and/or that evaluated results based on the longest follow-up. In addition, we did not place any restrictions based on whether or not a study adjusted for specific confounders. All risk estimates were abstracted by one of the authors and double checked for accuracy by a second author.
Data synthesis and analysis
All study estimates were converted to represent the change in hypertension risk per 10 μg/m 3 unit increase in exposure to PM 2.5 , PM 10 , or other PM. If we could not reliably convert the values in a particular study to the aforementioned units, we contacted the authors of the original study for further information. If information necessary to convert estimates could not be obtained, the study was excluded from consideration.
Estimates from the studies were combined using a random-effects model, which allowed between-study heterogeneity to contribute to the variance [20] . I 2 values are reported, representing the estimated percent of the total variance that is explained by between-study heterogeneity [21] . We also conducted chi-square tests of homogeneity to compare meta-estimates divided into subgroups by pollutants (PM 2.5 , PM 2.5-10 , PM 10 , DPM). Finally, forest and funnel plots were created to provide a visual summary of the distribution of study-specific effect estimates. Instead of statistical tests of funnel plot asymmetry, we conducted trim and fill analyses. All analyses were conducted using STATA (v12.1; StataCorp, College Station, TX, USA). Noted P < 0.05 (two-tailed) was considered statistically significant except for the heterogeneity test, for which P < 0.10 (one-tailed) was used.
Results
Literature search and study characteristics
The detailed steps of our literature search are shown in Figure 1 . A total of 647 citations were screened during the primary search. According to the title and abstract of every citation and included and excluded criteria, we identified 11 papers. After a detailed evaluation, two papers [18, 22] were excluded due to lack of data and two papers [17, 23] were excluded since the target population of the two studies comprises black women in the USA. Finally, the remaining five studies [12, 13, 15, 16, 19] published between 2009 and 2015 were included in the present meta-analysis. Of these, five cross-sectional studies were included. Two studies were conducted in the USA [15, 19] , two in China [13, 16] , and one in Germany [12] .
Combined estimates of ambient particulate matter and the risk of hypertension
The effect estimates of individual studies and the combined effect estimates for hypertensive associated with PM, including PM 2.5 , PM 2.5-10 , PM 10 and DPM, are presented in Figure 2 . Hypertension among study population was not statistically significantly associated with a 10 μg/m 
Subgroup analyses and publication bias
The results of our subgroup analyses showed that our pooled OR for the prevalence was 1.03 (95% CI, 0.93-1.14) with I 2 of 64.6% in PM 2.5 and 1.04 (95% CI, 0.98-1.10) with I 2 of 61.6% heterogeneity in PM 10 and 0.98 (95% CI, 0.85-1.14) with no heterogeneity.
Funnel plots for each pollutant exhibited a notable asymmetry, reflecting no publication bias from vision (Figure 3) . Introducing "trim and fill method", the results suggested no existed publication bias exist. For all exposures, the P values of Egger tests were statistically nonsignificant (P = 0.496). To sum up, the possibility of publication bias is small. 
Discussion
To our knowledge, this is the first systematic review and meta-analysis to pooled estimates linked with ambient PM and hypertension among general population. We selected and reviewed five large population-based cross-sectional studies, including a total of >200,000 general population. The pooled estimator of our meta-analysis showed that ambient PM was marginally associated, but not statistically significant, with hypertension among general population.
There are an increasing number of studies which have reported the association between PM and BP. Some studies showed that BP increased with short-term exposure to PM 2. interquartile increase in PM 10 , respectively [13] .
Till now, only three epidemiology studies [14, 17, 26] have explored the effect of air pollution on the incidence of hypertension, and the results have been varied. A cohort study of 35,303 non-hypertensive adults from Ontario, Canada, with follow-up from 1996 to 2005, reported that the adjusted hazard ratio of incident (IRR) hypertension was 1.13 (95% CI: 1.05-1.22) for incident hypertension among individuals who were exposed to per 10 μg/m 3 increase of PM 2.5 [14] . Coogan et al. reported that in a cohort of black women living in Los Angeles, with exposure to PM 2.5 and nitrogen oxides, over follow-up from 1995 to 2005, the incidence rate ratio (IRR) for hypertension for a 10 μg/m 3 increase in PM 2.5 was 1.48 (95% CI: 0.95-2.31), and the IRR for the interquartile range (12.4 parts per billion) of nitrogen oxides was 1.14 (95% CI: 1.03-1.25) [17] . The third cohort of 33,275 participants was enrolled in this population-based cohort study. The IRR of self-reported incident hypertension among individuals who were exposed to nitrogen oxides (NOx) in the 95th quantile (>26.6 parts per billion), contrasted with those in the 5th quantile (<16.1 parts per billion), is 1.06 (95% CI: 0.92-1.23) after a mean followup of 5.3 years [26] .
The strength of this study is mainly related to the large number of residents. In addition, none of the previous meta-analyses focused on investigating the relationship between ambient PM and hypertension. Compared with the cohort study of Canada [14] , the existing problem of this meta-analysis is the study design. The evidence strength of the cohort study is higher than the cross-sectional study. Because of this, we need think about seriously the combined effects of this meta-analysis. And researchers should pay more attention to PM and hypertension.
Biological mechanisms associated with PM and hypertension
A potential mechanism relating exposure to PM 2.5 to hypertension may be its indirect effects mediated through systemic proinflammatory and oxidative responses, which may lead to increased sympathetic tone and potentially cause arterial remodeling. Oxidative stress may also increase the circulation of activated immune cells and inflammatory cytokines, which may subsequently induce endothelial dysfunction, leading to an imbalance in vascular homeostatic responses. If this happens repeatedly, it could result in an increased total peripheral resistance and a fixation of elevated BP [18] . Other mechanisms by which PM 2.5 may elevate BP include autonomic nervous system imbalance and direct vasoconstriction [17, 27] . Finally, PM exposure can reduce daytime sodium excretion and blunt the normal nocturnal reduction in BP. Over time, impaired renal handling of excess sodium may be partly responsible for elevated BP [27] .
Limitations
There are some limitations of this meta-analysis which should be noted. First, only five screened papers were selected in this study due to the low number of studies associated with Update on Essential Hypertensionambient PM and hypertension among general population till now. And these five studies examined the relationship between PM and hypertension among general population using cross-sectional epidemiological study design, which precludes a causal interpretation of the complex relationship between outdoor PM and hypertension. Second, the exposure assessment of ambient PM is not consistent, so the risk of misclassification of different-level concentration might be amplified. Third, the degree of control for potential confounders is different. Covariates in common are included for all studies, including gender, age, body mass index, education, smoking status in most, but not all studies. And some reports indicated that diabetes mellitus and COPD (chronic obstructive pulmonary disease) are often associated with increased risk for hypertension [28, 29] , but no studies had information on COPD and diabetes mellitus. Finally, not only do ambient PM concentrations and toxicity of major components vary largely over space [30] but also possibly other parameter such as season may be a potential confounder because seasonal variation in air pollution is well known [31] .
Conclusion
The present meta-analysis of cross-sectional studies suggests that ambient PM may not contribute to the prevalence of hypertension from statistical perspective, but the evidence for a relationship between ambient particulate matter exposure and hypertension is still inconclusive because of limitations in study populations, study design, exposure characterization, and adjustment for important confounders and need researchers to pay more attention to PM and hypertension.
